Introduction
The homeostasis of living cell is maintained by cooperative work of a number of biomolecules, and their amount should be maintained at each optimized concentration in the cell. Transcriptional control is one of the important mechanisms that control the concentration. The transcription stage, the reading of genetic information from DNA, is composed of promoter binding and the activation of DNA-dependent RNA polymerase, RNA transcript initiation and promoter escape, RNA transcript elongation, and transcript termination, and release. Although terminators are positioned at the ends of genes, they also occur near promoters and between genes in operons. In prokaryotes, many termination sites serve as targets for regulating gene expression. 1 It is important that transcription is imperfectly terminated at some terminator so that the ratio of the amount of the mRNA transcribed from upstream and that from downstream of the terminator is controlled. 2 This regulation is quantified by the termination efficiency (%T), which is determined by the terminator structure's ability to block the transcription by detaching the RNA polymerase from the DNA. 3 In both in vivo and in vitro, the termination efficiency of the terminator ranges from 2% to 95%. 3 The most conventional method for determining the termination efficiency is quantification of the terminated transcript and the read-through one (containing both the upstream and the downstream sequences of the tested terminator), prepared by the in vitro transcription of template DNA containing the tested sequence, followed by purification of the RNA, gel electrophoresis, and visualization and quantification with autoradiography. On the other hand, in vivo, although the labeling and purification of transcript are unnecessary, a quantitative analysis of the termination efficiency has been difficult because enzymatic assays have been utilized. Therefore, simple method has been desired for quantifying the termination efficiency. In the present work, we developed a new method for determining the in vivo termination efficiency of terminators. This new approach utilizes a cassette vector in which the 5′-terminus of the tested terminator is fused with a UV-optimized variant of the GFP (GFPuv) gene, 4 while the 3′-terminus of the terminator is linked to a blue-shifted variant of GFP (BFP) gene. 5 In other words, the positions of GFPuv and BFP in this cassette play the role of a termination transcript and a read-through transcript, respectively. The value of the termination efficiency is determined by the ratio of the fluorescence intensity of BFP to that of GFPuv at peaks of 450 nm and 509 nm, respectively. In this approach, the incision of electrophoresed gel, labeling and purification of transcribed RNA, and the quantification of the labeled bands through autoradiography are no longer required for the determination of the %T values.
Experimental

Materials
Restriction endonucleases, DNA ligation kit, ExTaq PCR kit, and plasmid pQBI63 (coding BFP gene) were purchased from TaKaRa (Japan). Plasmids pGFPuv (coding GFPuv gene) and pET23b were products of Clontech (USA) and Novagen (USA), respectively. The plasmid preparation kit and the DNA fragment cleaning kit were products of Machery-Nagel An approach in determining the intrinsic termination efficiency (%T) of transcription termination using green fluorescent protein (GFP) mutants was developed. This approach utilizes a cassette vector in which the tested terminator is introduced between two GFP mutant genes: an ultraviolet-optimized mutant (GFPuv: F99S, M153T, V163A) and a blueshifted mutant (BFP: F64L, S65T, T145F). The ratio of the fluorescence intensity of BFP to GFPuv after transcription and translation represents the termination efficiency of the terminator. E. coli ribosomal RNA operon T1 terminator, phage lambda terminator site R2, E. coli tryptophane attenuater were introduced into the vector, and their transcriptional efficiencies were estimated as 89, 79, and 24%, respectively, showing good agreement with published data. 
Fluorometric determination of %T by using two GFP mutants expressed in vivo
The construction of the plasmids used in the present work is illustrated in Fig. 1A . They were prepared according to standard genetic engineering. 8 DNA fragments coding GFPuv or BFP were isolated by PCR 9 from pGFPuv and pQBI63, respectively.
The constructed plasmids were transformed into E. coli DH5α competent cells. Five 2 mL cultures with inoculum were incubated at 37˚C for 12 h. After incubation, a 20 µL portion of the culture from each sample was transformed to five different 3 mL fresh LB media with 100 mg L -1 ampicillin, and were incubated in 37˚C for 10 h for vigorous shaking, followed by incubation under room temperature for 3 h. We found that the chromophore folding efficiency in BFP was greater under room temperature than that at 37˚C (data not shown). According to published literature, 4 the required time for chromophore folding for GFPuv is 45 min, while that for BFP is about 2 h. The cell culture was harvested and the cell pellets were disrupted by sonication, and lysate was suspended in a 200 µL of TE (pH 8.0). Without further treatment, the sample lysate was diluted with 50 mM Tris-HCl (pH 7.5) and applied to fluorescence measurements. The fluorescence intensities of BFP and GFPuv were measured on a Hitachi MPF 5 fluorescence spectrophotometer. Excitation wavelength was 390 nm. The emission wavelength were 450 nm and 509 nm for BFP and GFPuv, respectively. %T was calculated by the following equaion:
where BFPint and GFPint are the emission intensities of BFP with the terminator and that of GFPuv, and BFPint* and GFPint* are the emission intensity of control BFP without the terminator and that of GFPuv.
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ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 Fig. 1 (A) Construction of plasmids carrying a terminator sequence between two GFP mutant genes. lac operator followed by a GFPuv gene, tested terminator, BFP gene, and lac terminator is inserted in a multi cloning site of pUC19 vector. (B) Secondary structures of tested terminators. rrnB T1, λtR2, and trpA L153 represent E. coli ribosomal RNA operon T1 terminator, 6 phage lambda terminator site R2, 7 and E. coli tryptophane attenuater, 3 respectively. 
Results and Discussion
The fluorescence spectra of the expressed GFPs are shown in Fig. 2 , where peaks at both 450 nm (BFP) and 509 nm (GFPuv) are clearly visible.
Depending on the strength of the terminators, the fluorescence intensity differed. Although all of the cell cultures were grown under the same condition, the concentration levels between samples varied. Therefore, the ratio of the fluorescence intensity of GFPuv and that of BFP is the key factor in determining %T. Figure 3 shows published %Ts [10] [11] [12] [13] and the %Ts determined in this study, showing that the method presented in this study is in good agreement with the published %Ts.
In the present report, we showed that the termination efficiencies of various prokaryotic transcription terminators can be quantified by using two GFP mutants with reasonable accuracy. The GFP mutant genes located upstream and downstream of the tested terminator have basically the same sequence: only 6 nucleotides differ. 4, 5 Therefore, the differences in the transcriptional and translational efficiencies in the two sequences are negligible, and the differences in %Ts should be that in the terminator efficiencies. By using this method, we could quantify the amount of two genes whose ratio of expression amount is controlled by the transcription terminator between the two genes. The biggest advantage in this method is that there is no requirement concerning the enzymatic assay, purification of mRNA, and so on.
The presented method requires biohazard utilities because the GFP-and terminator-containing vector should be introduced into the host cell for the expression of GFPs. The next step is to combine the method with a cell-free translation system, especially in a microfabricated device. 14 We have reported in vitro translation in microreactors, 15, 16 and have already succeeded in the cell-free translation of GFP in a microfabricated device equipped with a fluorescence microscope, and the in situ detection of the expressed GFP. 17 Further studies are underway to attain this goal.
